B cells recognize foreign antigens by virtue of cell surface immunoglobulin receptors and are most effectively activated by membrane-bound ligands. Here, we show that in the early stages of this process, B cells exhibit a two-phase response in which they first spread over the antigenbearing membrane and then contract, thereby collecting bound antigen into a central aggregate. The extent of this response, which is both signaling-and actin-dependent, determines the quantity of antigen accumulated and hence the degree of B cell activation. Brownian dynamic simulations reproduce essential features of the antigen collection process and suggest a possible basis for affinity discrimination. We propose that dynamic spreading is an important step of the immune response. (3-7) . When a B cell recognizes antigens tethered on the surface of a target cell, a cluster of the B cell receptor (BCR) and its cognate ligand forms at the site of contact (8). Simultaneously, membrane proteins are reorganized on the cell surface, leading to the formation of an immunological synapse. This structure is characterized by a central cluster of BCR/antigen complex surrounded by a ring of adhesion molecules LFA-1/ICAM-1 (9) and is similar to the synaptic structure originally described for T cells (10-12) .
B cells are lymphocytes that make soluble antibodies. They are triggered, or activated, by foreign antigens, typically those presented on the surface of other cells. Activation leads to selective proliferation and differentiation into mature antibody-secreting cells and the selection of high-affinity B cells. Membrane-anchored antigens are known to be very effective in driving B cell activation (1, 2) and may constitute the dominant form of antigen responsible for B cell stimulation in vivo (3) (4) (5) (6) (7) . When a B cell recognizes antigens tethered on the surface of a target cell, a cluster of the B cell receptor (BCR) and its cognate ligand forms at the site of contact (8) . Simultaneously, membrane proteins are reorganized on the cell surface, leading to the formation of an immunological synapse. This structure is characterized by a central cluster of BCR/antigen complex surrounded by a ring of adhesion molecules LFA-1/ICAM-1 (9) and is similar to the synaptic structure originally described for T cells (10) (11) (12) .
A functional B cell synapse, however, can form in the absence of integrins (8) , and this provides an opportunity to quantitatively study the early stages of recognition of membranebound antigens. Thus, we observed by scanning electron microscopy (SEM) that when transgenic B cells carrying a BCR specific for hen egg lysozyme (HEL) (13) recognize this antigen on the surface of target cells, they rapidly spread over the target membrane before slowly contracting (Fig. 1A) . To follow these morphological changes and relate them to the localization of antigen in real time, we labeled B cell membranes with a lipid soluble dye, PKH26, and expressed the HEL antigen as a fusion protein with green fluorescent protein (GFP) (8) . Three-dimensional (3D) time-lapse fluorescence microscopy revealed that during the spreading phase (2 to 4 min after contact) several small clusters of GFP-HEL of approximately 0.5 to 1 mm in diameter appeared within the area of interaction (Fig. 1B) . The flattening B cells reached a maximum surface area of contact of approximately 25 mm 2 before gradually starting to contract (Fig. 1, B and C). During this second phase, which lasted for È5 to 7 min, the antigen was gathered into a central defined cluster, with an eventual area of 16 mm 2 (Fig. 1D) .
Similar morphological changes and kinetics of antigen accumulation were seen when B cells settled on glass-supported planar lipid bilayers (Fig. 1, E to H) . In this case, the lysozyme antigen was tethered by a fluorescently labeled glycosylphosphatidylinositol (GPI)-anchored single-chain Fab, which binds to a nonoverlapping epitope of the HEL ( fig. S1A ). Fluorescence and interference reflection microscopy (IRM), used to examine the dynamics of antigen accumulation and correlate them with changes in cell shape, revealed that this is a general phenomenon that could also be observed with other HEL specific transgenic (14) or transfected B cells (15) (Fig. 1F and fig. S2 , A and B).
The cell response was dependent on specific immunological recognition, because the same experiment performed with a null HEL mutant (HEL KK ) (table S1) with no detectable affinity for the BCR failed to reveal antigen aggregation, contact formation (as assessed by IRM), or any sign of B cell spreading (Fig. 1, G 
and H).
Transgenic B cells carrying a signaling-deficient chimaeric BCR (IgM/b Y9L ) with high affinity binding for the lysozyme (14) or B cells transfectants expressing signaling deficient BCRs (15) also showed a complete lack of spreading, and their capacity to accumulate antigen was severely compromised (Fig. 2 , A to C, and fig. S2, A to E). Cells carrying the same chimaeric receptor but with a functional immunoreceptor tyrosine-based activation motif (ITAM) (16) regained the ability to spread and form antigen aggregates (Fig. 2 , A to C). These processes were also blocked when wild-type transgenic B cells were treated with inhibitors of tyrosine kinase or actin polymerization (Fig. 2D ). Immunostaining of fixed cells also revealed an accumulation of phosphotyrosine and actin that was coincident with antigen at earliest time points but later moved to the periphery (fig .  S2F ). Taken together, these results indicate that this is an actin-mediated phenomenon in which both the BCR-antigen binding and functional B cell signaling are required.
The B cell response was sensitive to both the density of antigen in the presenting membrane and the strength of the BCR/antigen interaction. A twofold reduction in the starting density of antigen caused a marked diminution of spreading, and a 10-fold reduction abolished it entirely (Fig. 3A) . Using a set of mutant lysozymes with a 20,000-fold range of affinity for BCR (table S1), we found that a Ka value of about 10 6 M j1 is the lower threshold for triggering cell spreading. Above this, the maximum area attained by the B cell increased with its affinity up to a Ka value of 5 Â 10 7 M j1 (Fig. 3A) . Above the upper threshold, further increases in affinity did not result in additional spreading. Similar results were obtained if we measured the total amount of antigen accumulated (Fig. 3B) or the intracellular calcium levels of the B cells (Fig. 3C) . Thus, the magnitude of the signal determines the extent of spreading and ultimately the total amount of antigen accumulated at the end of the response.
The capacity of B cells to extract antigen was assessed using flow cytometry after incubation with HEL-fluorescein isothiocyanate bearing membranes for 2 hours. In these experiments, the amount of antigen acquired was found to be proportional to the total amount of antigen accumulated (Fig. 3D) . The ability of B cells to present antigen-derived peptides to T cells was also dependent on the amount of antigen tethered on the membrane (Fig. 3E ). Similar results were obtained when the antigen was presented at different densities on the surface of transfected cells (fig. S3, A to C) . Thus, a direct correlation appeared to exist between the amount of antigen accumulated and the capacity of a B cell to extract and present it to T cells.
We next explored the question of how cell spreading enables the cell to detect a wide range of binding affinities using a stochastic computer program in which protein molecules are represented as dimensionless points with Cartesian coordinates and binding radii that determine their interactions during the simulation (17) (Movies S1 to S4). Antigen molecules moved by Brownian diffusion within a square field representing a portion of the lipid bilayer, with periodic boundaries to avoid edge effects. The area of contact between the B cell and the bilayer was represented by a circle, initially small, within which receptors were assigned random positions. These receptors remained fixed in place but, through reversible mass action kinetics, were accessible to diffusing antigens leading to associ- 
To model the spreading response, the area of contact between cell and bilayer increased in a series of small steps. The dependence on antigen binding was obtained by stipulating that each successive increment of cell area took place only if the receptor occupancy reached 75%. If this critical occupancy was not attained 1 min after initial attachment (an indication of insufficient antigen or avidity) then the cell Bdetached[ and the simulation was aborted. As soon as receptor occupancy reached 75%, the area of cell attachment was increased by a fixed amount and a new cohort of receptors added. Iterated application of this strategy continued until 2 min after the initial contact with the lipid bilayer, when the area of cell contact began to shrink at a rate based on experimental measurements. Receptor-antigen pairs were collected into the central area (supporting online text).
We found that, given suitable parameters, this simple model was able to reproduce the essential features of the B cell response (Fig. 3F  and fig. S4 ). It had a similar time course of spreading and contraction and it had a comparable capacity to discriminate between different antigen densities and affinities. The quantity of antigen accumulated showed a nonlinear relationship with affinity and density over a wide range ( fig. S5A ). However, if the spreading mechanism was inactivated in the program, for example by giving the B cell a fixed area of contact, then the amount of antigen accumulated was closely similar for both high-and low-affinity antigens (Fig. 4, A and B) -a result that we also found using the experimental set-up (Fig. 4, C and D, and fig. S2 , G and H). These results are consistent with the notion that a quantitative relationship between receptor occupancy and cell spreading may influence the observed cellular response (Fig. 4E) . Mechanistic details of this linkage-the role played by the small focal clusters of receptors and how these are coupled to actin accumulation and tyrosine phosphorylation and hence the extension of lamellipodia-will require further collaboration between experiment and theory.
The B cell spreading reported here shares some similarities to the one observed in T cells (18) (19) (20) (21) . Both processes are sensitive to inhibitors of signaling and actin polymerization (20) and could represent an active process common to lymphocytes in general. In T cells, the process of antigen recognition has been the subject of extensive quantitative studies combined with computer models (22) (23) (24) (25) . However, the gathering of antigen by B cells is responsive to a much wider range of antigen affinities than T cells. It will occur in the absence of adhesion molecules without compromising the fundamental features of the antigen-specific responses. This highly reduced experimental system can then be modeled using a simple stochastic algorithm based on the binding interactions between antigen and cell receptors. In this way, we have been able to clarify the basis of the powerful discriminatory ability of B cells. 
Structure of the Multidrug Transporter EmrD from Escherichia coli
Yong Yin,* Xiao He,* Paul Szewczyk, That Nguyen, Geoffrey Chang † EmrD is a multidrug transporter from the Major Facilitator Superfamily that expels amphipathic compounds across the inner membrane of Escherichia coli. Here, we report the x-ray structure of EmrD determined to a resolution of 3.5 angstroms. The structure reveals an interior that is composed mostly of hydrophobic residues, which is consistent with its role transporting amphipathic molecules. Two long loops extend into the inner leaflet side of the cell membrane. This region can serve to recognize and bind substrate directly from the lipid bilayer. We propose that multisubstrate specificity, binding, and transport are facilitated by these loop regions and the internal cavity. One MDR MFS transporter, EmrD, is a proton-dependent secondary transporter from Escherichia coli. EmrD was first identified as an efflux pump for uncouplers of oxidative phosphorylation (2), which can rapidly arrest growth in bacteria by depleting the H þ gradient (3). Some of these uncouplers are structurally unrelated, such as meta-chloro carbonylcyanide
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